We propose an experimental setup to observe coherent elastic neutrino-atom scattering (CEνAS) using electron antineutrinos from tritium decay and a liquid helium target. In this scattering process with the whole atom, that has not beeen observed so far, the electrons tend to screen the weak charge of the nucleus as seen by the electron antineutrino probe. The interference between the nucleus and the electron cloud produces a sharp dip in the recoil spectrum at atomic recoil energies of about 9 meV, reducing sizeably the number of expected events with respect to the coherent elastic neutrino-nucleus scattering case. We estimate that with a 60 g tritium source surrounded by 500 kg of liquid helium in a cylindrical tank, one could observe the existence of CEνAS processes at 3σ in 5 years of data taking. Keeping the same amount of helium and the same data-taking period, we test the sensitivity to the Weinberg angle and a possible neutrino magnetic moment for three different scenarios: 60 g, 160 g, and 500 g of tritium. In the latter scenario, the Standard Model (SM) value of the Weinberg angle can be measured with a statistical uncertainty of sin 2 ϑ SM W +0.015 −0.016 . This would represent the lowest-energy measurement of sin 2 ϑW , with the advantage of being not affected by the uncertainties on the neutron form factor of the nucleus as the current lowest-energy determination. Finally, we study the sensitivity of this apparatus to a possible electron neutrino magnetic moment and we find that using 60 g of tritium it is possible to set an upper limit of about 7 × 10 −13 µB at 90% C.L., that is more than one order of magnitude smaller than the current experimental limit.
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I. INTRODUCTION
Coherent elastic neutrino-nucleus scattering (CEνNS), has been recently observed by the COHERENT experiment [1, 2] , after many decades from its prediction [3] [4] [5] . This observation triggered a lot of attention from the scientific community and unlocked a new and powerful tool to study many and diverse physical phenomena: nuclear physics [6, 7] , neutrino properties [8] [9] [10] , physics beyond the Standard Model (SM) [11] [12] [13] [14] [15] [16] [17] , and electroweak (EW) interactions [18, 19] . The experimental challenge related to the CEνNS observation is due to the fact that in order to meet the coherence requirement qR 1 [20] , where q = | q| is the three-momentum transfer and R is the nuclear radius, one has to detect very small nuclear recoil energies E R , lower than a few keV.
At even lower momentum transfers, such that qR atom 1, where R atom is the radius of the target atom including the electron shells, the reaction can be viewed as taking place on the atom as a whole. In Ref. [21] it has been noted that, in the case of electron neutrino scattering, the interference between the electron cloud and the nucleus becomes destructive. As a consequence, the scattering amplitude becomes null and changes sign as q 2 varies from large to small values, producing a sharp dip in the differential cross section. In practice, electrons tend to screen the weak charge of the nucleus as seen by an electron neutrino probe. This effect should be visible for momentum transfers of the order of q 2 ∼ 100 keV 2 , corresponding to atomic recoil energies T R ∼ 10 meV. These small recoils are well below the thresholds of detectability of currently available detectors, making it very difficult to observe this effect.
However, in Ref. [22] a new technology based on the evaporation of helium atoms from a cold surface and their subsequent detection using field ionization has been proposed for the detection of low-mass dark matter particles. In this configuration, the nuclear recoils induced by dark-matter scattering produce elementary excitations (phonons and rotons) in the target that can result in the evaporation of helium atoms, if the recoil energy is greater than the binding energy of helium to the surface. Given that the latter can be below 1 meV, this proposed technique represents an ideal experimental setup to observe atomic effects in coherent neutrino scattering.
Here, we propose a future experiment that would allow the observation of coherent elastic neutrino-atom scattering (CEνAS) processes and we investigate its sensitivity. In order to achieve a sufficient number of lowenergy CEνAS events, electron neutrinos with energies of the order of a few keV need to be exploited. Unfortunately, there are not so many available sources of such low-energy neutrinos. In this paper, we investigate the possibility to use a tritium β-decay source, that is characterized by a Q-value of 18.58 keV. The PTOLEMY project [23, 24] , that aims to develop a scalable design to detect cosmic neutrino background, is already planning to use about 100 g of tritium, so we can assume that a similar or even larger amount could be available in the near future. Moreover, we show the potentialities of such a detector to perform the lowest-energy measurement of the weak mixing angle ϑ W , also known as the Weinberg angle, a fundamental parameter in the theory of Standard Model electroweak interactions, and to reveal a magnetic moment of the electron neutrino below the current limit.
II. ATOMIC EFFECTS IN COHERENT SCATTERING
In order to derive the cross section for a CEνAS process ν + A → ν + A, where A is an atom and = e, µ, τ , we start from the differential-scattering cross-section of a CEνNS process as a function of the recoil energy E R of the nucleus
where G F is the Fermi constant, m N is the nuclear mass, E ν is the neutrino energy and C V is the q 2 -dependent matrix element of the vector neutral-current charge
Here, Z and N are the number of protons and neutrons in the atom and F N (q 2 ) (F Z (q 2 )) is the nuclear neutron (proton) form factor [6, 25, 26] . In principle, one should also consider the axial coupling C A contribution, but for even-even (spin zero) nuclei it is equal to zero. Since in this paper we take as a target a 4 He detector, we have C A = 0.
As anticipated in the introduction, when the energy of the incoming neutrino is low enough, atomic effects arise. In the case of CEνAS processes, dσ CEνAS /dT R can be derived starting from the formula in Eq. (1) with the inclusion of the electron contribution to the vector coupling:
where F e (q 2 ) is the electron form factor and the + sign applies to ν e andν e , while the − sign applies to all the other neutrino species. The + sign is responsible for the destructive interference between the electron and nuclear contributions. In principle, one should add also the axial contribution from the electron cloud, C Atom A , that however becomes null when the number of spin up and down electrons is the same, which applies to our scenario. Moreover, at the low momentum transfers considered in CEνAS processes, one can safely put F N (q 2 ) = F Z (q 2 ) = 1. This allows to derive physics properties from the analysis on CEνAS processes being independent on the knowledge of the neutron distribution that is largely unknown [6, 27] .
As visible from Eq. (3), in CEνAS processes a key role is played by the electron form factor, that is defined as the Fourier transform of the electron density of an atom and can be parameterised as
with the parameters a i , b i and c given in Ref. [28] . The normalization A is a scaling factor such that F e (q 2 ) → 1 for q → 0, as in the nuclear form factor definition. This parameterisation assumes that the electron density is spherically symmetric so that the value of the Fourier transform only depends on the distance from the origin in reciprocal space. The moment transfer q is related to the atomic recoil energy through
III. EXPERIMENTAL SETUP AND EXPECTED NUMBER OF EVENTS
As mentioned in the introduction, a tritium source would provide electron antineutrinos in the needed energy range. Indeed, tritium β − decay produces one electron, one antineutrino and a 3 He atom via the decay 3 H → 3 He+e − +ν e , with a lifetime τ = 17.74 years. The antineutrino energy spectrum ranges from 0 keV to the Q-value, with a maximum at approximately 15 keV [29] . The number of neutrinos released, N ν , after a time t follows the simple exponential decay law
where N 3 H is the number of tritium atoms in the source at t = 0. Given the rather large tritium lifetime, the antineutrino rate is expected to stay almost constant in the first 5 years. We consider a detector setup such that the tritium source is surrounded with a cylindrical superfluid-helium tank, as depicted in Fig. 1 . This configuration allows to maximize the geometrical acceptance, while allowing to have a top flat surface where helium atoms could evaporate after a recoil. This surface should be equipped as described in Ref. [22] , to detect the small energy deposited by the helium evaporation. In order to shield the helium detector from the electrons produced by the tritium decay, an intermediate thin layer of heavy material has to be inserted between the source and the detector. Cautions have to be taken such that all the materials used in the detector are extremely radiopure, such that the background contaminations are kept under control.
FIG. 1. Schematic representation of the detector proposed to observe CEνAS processes. The recoil of a helium atom after the scattering with an electron antineutrino coming from the tritium source in the center produces phonons and rotons which, upon arrival at the top surface, cause helium atoms to be released by quantum evaporation. A field ionization detector array on the top surface, as proposed in Ref. [22] , detects the number of helium atoms evaporated.
The expected CEνAS differential rate dN /(dt dT R ) in such a cylindrical configuration, that represents the number of neutrino-induced events N that would be observed in the detector each second and per unit of the atomic recoil energy, is
where n is the number density of helium atoms in the target, dV is the infinitesimal volume around the position − → r ≡ (x, y, z) in the detector, dN ν /(dt dE ν ) is the differential neutrino rate and E min ν m A T R /2 is the minimum antineutrino energy necessary to produce an atom recoil of energy T R . Note that, if the atomic effect is neglected, the differential number of events dN CEνNS /dE R could be straightforwardly obtained with the following set of substitutions: dσ CEνAS /dT R → dσ CEνNS /dE R , m A → m N and T R → E R . However, given that m A m N , the atomic and nuclear recoil energies are practically coincident, T R E R .
To illustrate the consequences of the atomic effect on the expected number of events, we consider a detector of height h = 160 cm, and radius d = 90 cm filled with 500 kg of helium, a tritium source of 60 g, and a datataking period of 5 years. The choice of this particular configuration will be clarified in Sec. IV.
The number of neutrino-induced events as a function of the recoil energy T R is obtained by integrating the differential rate defined in Eq. (6) for a time period of 5 years. The result is illustrated in Fig. 2 , where the CEνNS differential rate is shown by the black solid line, while the CEνAS one is shown by the dashed red line. As stated in the introduction, when atomic effects are considered, electrons screen the weak charge of the nucleus as seen by the antineutrino. The screening is complete for atomic recoil energies T R such that
where for 4 He atoms N/Z = 1. Using the SM prediction of the Weinberg angle at near zero momentum transfer sin 2 ϑ SM W = 0.23857(5) [30] , calculated in the MS scheme, it is possible to see that the screening is complete for T R 9 meV. Due to this destructive interference between the nuclear and the electron contributions, the number of events drops rapidly to zero, as shown by the red dashed line in Fig. 2 .
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IV. SENSITIVITY TO THE ATOMIC EFFECT
We test the feasibility to observe the atomic effect in coherent neutrino scattering using the experimental setup described in Sec. III. For this purpose, we build the following least-squares function
where N CEνAS represents the number of neutrinoinduced events observed considering the atomic effect, while N CEνNS is the number of events expected ignoring such an effect, which represents our reference model [31] . These quantities are obtained integrating in time and recoil energy the differential spectrum in Eq. (6), considering for the latter the range of 1-184 meV, being the upper limit the maximum recoil energy that a neutrino with energy E ν can give to an atom with mass m A , which is given by
Assuming that the main uncertainty contribution is due to the available statistics, the denominator in Eq. (8) is set to be σ = √ N CEνAS . In order to find the experimental setup that would allow to reach a sensitivity of at least 3σ, we calculate this least-squares function in terms of three parameters: the amount of helium in the tank, the amount of tritium in the source, and the time of data-taking (the main contributor being the amount of tritium used). We find that a reasonable combination of these parameters that would allow the observation of the atomic effect is 500 kg of helium, 60 g of tritium, and 5 years of data-taking. In this scenario, the expected number of CEνAS events is N CEνAS = 6.7, to be compared with the expected number of CEνNS events N CEνNS = 14.6.
In order to claim a discovery, i.e. reach a sensitivity of 5σ, the amount of tritium needed increases to 160 g, leaving the other parameters unchanged. The expected number of events in this case becomes N CEνAS = 17.7 considering the atomic effect and N CEνNS = 38.9 without the atomic effect. One can note that the atomic screening reduces the number of events by almost one half with the particular experimental setup proposed in this paper. For completeness, in Fig. 3 one can see the amount of tritium and helium mass needed to observe (3σ) or discover (5σ) the atomic effect, considering a data taking time of 3 and 5 years.
Clearly, all these estimates are to be refined for a specific experiment by taking into account systematic contributions from backgrounds and detector efficiencies and resolutions. However, neither of the indicated contributions appear to be seriously limiting [32] and, hence, the conclusions drawn in this paper should remain valid. 
V. PHYSICS PERSPECTIVES
In the following, we assume that CEνAS has been observed and we discuss the sensitivity of the determination of the Weinberg angle and the neutrino magnetic moment. Motivated by the studies performed in the previous section, we consider a detector made of 500 kg of helium, 5 years of data-taking, and three different scenarios for the source: 60 g, 160 g, and 500 g of tritium.
The last scenario is considered in order to see the potentialities of such a detector if a large quantity of tritium will become available. For completeness, the expected number of events in this optimistic scenario becomes N CEνAS = 55 taking into account the atomic effect and N CEνNS = 122 without it.
A. DETERMINATION OF THE WEINBERG ANGLE
Since the vector coupling C Atom V in Eq. (3) depends on sin 2 ϑ W , the Weinberg angle can be measured in CEνAS processes. In order to quantify the sensitivity of a measurement of the Weinberg angle with the experimental setup described above, we consider a deviation of sin 2 ϑ W from the Standard Model value sin 2 ϑ SM W in the leastsquares function 
FIG. 4.
With the black solid curve it is shown the ∆χ 2 = χ 2 − χ 2 min , where the χ 2 is defined in Eq. (10), as a function of the Weinberg angle sin 2 ϑW , obtained considering a tritium source of 60 g, while with the dashed red line and the dotted-dashed blue line it is shown the ∆χ 2 obtained considering a tritium source of 160 g and 500 g, respectively. Figure 4 shows the ∆χ 2 = χ 2 − χ 2 min profile as a function of sin 2 ϑ W for the three different scenarios described above. The black solid, red dashed, and blue dotteddashed lines refer to 60 g, 160 g, and 500 g of tritium, respectively. The uncertainties achievable in the three scenarios are +0.04 −0.05 , +0.025 −0.029 and +0.015 −0.016 , respectively. Figure 5 shows a summary of the weak mixing angle measurements at different values of q, together with the SM prediction. The uncertainty that can be reached with the method proposed in this paper in the case of a 500 g tritium source is shown by the dashed blue line. Despite the fact that this uncertainty is rather large, such measurement would represent a unique opportunity to explore the low-energy sector, since the value q 2×10 −5 GeV is several orders of magnitude smaller than in all the other measurements. Given that the value of the Weinberg angle provides a direct probe of physics phenomena not included in the SM, such a measurement would give complementary information to those at mid and high-energy. In particular, this measurement would be highly sensitive to an extra dark boson, Z d , whose existence is predicted by grand unified theories, technicolor models, supersymmetry and string theories [39] . Measurements of the Weinberg angle provide constraints on the properties of this dark boson as its mass, m Z d , its kinetic coupling to the SM fermions, ε, and its Z-Z d mass-mixing coupling, δ [40] [41] [42] . As an example, the orange and green regions in Fig. 5 show the low-q deviations of sin 2 ϑ W with respect to the SM value pre- The SM prediction is shown as the red solid curve, together with experimental determinations in black at the Z-pole [30] (Tevatron, LEP1, SLC, LHC), from atomic parity violation on caesium [18, 33, 34] , which has a typical momentum transfer given by q 2.4 MeV, Møller scattering [35] (E158), deep inelastic scattering of polarized electrons on deuterons [36] (e 2 H PVDIS) and from neutrino-nucleus scattering [37] (NuTeV) and the result from the proton's weak charge at q = 0.158 GeV [38] (Q weak ). For clarity the Tevatron and LHC points have been displayed horizontally to the left and to the right, respectively, as indicated by the arrows. In dashed-blue it is shown the result that could be achieved using the experimental setup proposed in this paper, obtained exploiting CEνAS effect at very low momentum transfer. The orange and green regions indicate the values of the weak mixing angle that are obtained for particular masses and couplings of a hypothetical Z d boson, see the text for more details.
dicted for two particular configurations of these parameters: the contours of the orange shadowed region correspond to m Z d = 30 MeV, δ = 0.015, and ε = 1 × 10 −3 , while the contours of the green shadowed region have been obtained using m Z d = 0.05 MeV, δ = 0.0015, and ε = 1 × 10 −5 . These values have been chosen such that |ε δ| ≤ 8 × 10 −4 [42] , which allows to roughly satisfy the existing upper bounds on these quantities 2 . The shadowed regions indicate the values of the weak mixing angle obtained leaving the mass of the Z d boson invariant, but using smaller values of ε and δ. As it is visible from Fig. 5 , the impact of the hypothetical Z d boson starts at values of the transferred momentum equal to its mass and extends to lower values. Thus, a measurement like the one proposed in this paper would be useful to better constraint even lighter Z d 's.
B. EFFECT OF NEUTRINO MAGNETIC MOMENT
The experiment proposed in this paper would be highly sensitive to a possible neutrino magnetic moment. So far, the most stringent constraints on the electron neutrino magnetic moment in laboratory experiments have been obtained looking for possible distortions of the recoil electron energy spectrum in neutrino-electron elastic scattering, exploiting solar neutrinos and reactor anti-neutrinos. The Borexino collaboration reported the best current limit on the effective magnetic moment of 2.8 × 10 −11 µ B at 90% confidence level (C.L.) using the electron recoil spectrum from 7 Be solar neutrinos [43] . The best magnetic moment limit from reactor antineutrinos, obtained by the GEMMA experiment, is very similar and it corresponds to 2.9 × 10 −11 µ B (90% C.L.) [44] .
In the original SM with massless neutrinos the neutrino magnetic moments are vanishing, but the results of neutrino oscillation experiments have proved that the SM must be extended in order to give masses to the neutrinos. In the minimal extension of the SM in which neutrinos acquire Dirac masses through the introduction of right-handed neutrinos, the neutrino magnetic moment is given by [45] [46] [47] [48] [49] [50] 
where µ B is the Bohr magneton, m ν is the neutrino mass and e is the electric charge. Taking into account the current upper limit on the neutrino mass of the order of 1 eV, this value is about 8 orders of magnitude smaller than the Borexino and GEMMA limits. However, searching for values of µ ν larger than that in Eq. (11) is interesting because a positive result would represent a clear signal of physics beyond the minimally extended SM (see Ref. [51] ). The existence of a neutrino magnetic moment could have a significant effect on the CEνAS cross-section, that acquires the additional term
where α is the fine structure constant and m e is the electron mass. By adding this contribution in Eq. (6), integrating for a time period of 5 years, and considering a magnetic moment of 10 −12 µ B , one obtains the expected differential number of CEνAS events as a function of the atomic recoil energy shown by the blue dotted-dashed line in Fig. 2 . Comparing it to the red dashed curve obtained considering a null magnetic moment, it is clear that there is a large difference between the two cases and this difference could be exploited to put stringent limits on the neutrino magnetic moment. With the black solid curve it is shown the ∆χ 2 = χ 2 − χ 2 min , where the χ 2 is defined in Eq. (10), as a function of the magnetic moment of the neutrino µν , obtained considering a tritium source of 60 g, while with the dashed red line and the dotted-dashed blue line it is shown the ∆χ 2 obtained considering a tritium source of 160 g and 500 g, respectively.
To estimate the sensitivity, we consider the leastsquares function
where N CEνAS SM represents the number of CEνAS events that one would observe if the magnetic moment is zero, while N CEνAS (µ ν ) is the number of events for a given value of the magnetic moment. Figure 6 shows the ∆χ 2 profile as a function of the neutrino magnetic moment for the three different experimental scenarios described above: the black solid, red dashed and blue dotteddashed lines refer to 60 g, 160 g, and 500 g of tritium, respectively. The respective limits that are achievable in these three different scenarios at 90% C.L. are 7.0×10 −13 µ B , 5.5×10 −13 µ B , and 4.1×10 −13 µ B , which are almost two orders of magnitude smaller than the current experimental limits.
VI. CONCLUSIONS
In this paper we proposed an experimental setup to observe coherent elastic neutrino-atom scattering and we evaluate the physics potentialities of this apparatus. The observation of a coherent scattering of the whole atom requires the detection of very low atomic recoil energies, of the order of 10 meV. This is achievable thanks to the combination of different critical ingredients. First, the exploitation of the β − decay of tritium that is characterized by a small Q-value, ensuring a sufficient flux of low-energy antineutrinos. Second, the usage of a target detector with a new technology based on the evaporation of helium atoms coupled with field ionization detector arrays that allows to be sensitive to very small energy deposits. The usage of liquid helium as a target has the triple advantage of being stable, having a small binding energy to the surface, expected to be below 1 meV, and having a small atomic radius R atom , which allows to reach the coherence condition for larger values of the momentum transfer. The effect of the interference between the nucleus and electron cloud scattering cross section is to produce a sharp dip in the recoil spectrum at atomic recoil energies around T R 9 meV, which reduces sizeably the expected number of events with respect to that in the case of coherent neutrino-nucleus elastic scattering. We estimated that in order to observe at 3σ the existence of CEνAS processes it is necessary to use a tritium source of about 60 g, a tank filled with about 500 kg of liquid helium (contained in a cylinder of height 160 cm and radius 90 cm) and a data-taking period of about 5 years.
Keeping the same amount of helium and data-taking period we tested the sensitivity of this experimental setup to the measurement of the Weinberg angle and the observation of a possible neutrino magnetic moment for three different scenarios corresponding to different amounts of tritium in the source: 60 g, 160 g, and 500 g. In the latter scenario, the SM value of the Weinberg angle can be measured with a statistical uncertainty of sin 2 ϑ SM W +0.015 −0.016 . Even if this measurement will be less precise than other determinations of the Weinberg angle, it will represent the lowest-energy measurement of sin 2 ϑ W , at a momentum transfer about 2 orders of magnitude smaller than the current determination using caesium atomic parity violation [33, 34] . Moreover, the measurement proposed in this paper is not affected by the uncertainties on the nuclear neutron form factor that contribute to atomic parity violation measurements of sin 2 ϑ W [18] . Therefore, the observation of CEνAS would represent an independent test of the running of sin 2 ϑ W predicted by the SM and could be sensitive to low-energy deviations due to physics beyond the SM, as the contribution of low-mass dark Z bosons.
Finally, we studied the sensitivity of the proposed apparatus to a possible electron neutrino magnetic moment and we found that using 60 g of tritium it is possible to set a lower limit of about 7 × 10 −13 µ B at 90% C.L., that is more than one order of magnitude smaller than the current experimental limit, showing the great potentialities of this experimental setup.
